-Thrombospondin-1 (TSP1) is a multidomain protein that contains epidermal growth factor (EGF)-like repeats that indirectly activate the EGF receptor (EGFR) and selected downstream signaling pathways. In these studies, we show that TSP1 opens the paracellular pathway in human lung microvascular endothelial cells (HMVEC-Ls) in a dose-, time-, and protein tyrosine kinase (PTK)-dependent manner. TSP1 increased tyrosine phosphorylation of proteins enriched to intercellular boundaries including the zonula adherens (ZA) proteins, vascular endothelial-cadherin, ␥-catenin, and p120 catenin. In HMVEC-Ls, EGFR and ErbB2 are expressed at low levels, and both heterodimerize and tyrosine autophosphorylate in response to TSP1. Prior EGFR-selective PTK inhibition with AG1478 or ErbB2-selective PTK inhibition with AG825 protected against TSP1-induced tyrosine phosphorylation of ZA proteins and barrier disruption. Preincubation of HMVEC-Ls with an EGFR ectodomain-blocking antibody also prevented TSP1-induced opening of the paracellular pathway. Therefore, in HMVEC-Ls, TSP1 increases tyrosine phosphorylation of ZA proteins and opens the paracellular pathway, in part, through EGFR/ErbB2 activation. Surprisingly, recombinant TSP1 EGF-like repeats 1-3 and the highaffinity EGFR ligands, EGF, TGF-␣, and amphiregulin, each failed to increase paracellular permeability. However, HMVEC-Ls in which EGFR was overexpressed became responsive to the EGF-like repeats of TSP1 as well as to EGF. These studies indicate that TSP1 disrupts the endothelial barrier through EGFR/ErbB2 activation although additional signals are necessary in cells with low receptor expression. zonula adherens; vascular endothelial-cadherin; catenins; tyrosine phosphorylation; endothelial growth factor-like repeats THROMBOSPONDIN-1 (TSP1) is a multidomain glycoprotein (6) that recognizes multiple endothelial cell (EC) receptors that are coupled to diverse signaling pathways and biological responses (56, 61). TSP1 is secreted by numerous host tissues, including ECs, and is present in the underlying extracellular matrix (ECM) (5, 31). In the lung, TSP1 is also expressed by type II alveolar epithelial cells and fetal lung fibroblasts (31). TSP1 is not only expressed in tissues relevant and anatomically proximal to the vasculature and lung but is also present within the intravascular compartment as a circulating plasma protein (31) and in polymorphonuclear neutrophils, monocytes, and the ␣-granules of platelets (25, 30, 31, 35) . These cells continuously traffic through the microvasculature, where they intimately interact with the endothelial surface. Although ECs can both produce (45) and respond (16) to TSP1, whether TSP1 is presented to the pulmonary microvascular endothelium in vivo through an endocrine, paracrine, and/or autocrine pathway is unknown. TSP1 expression is increased in vascular tissues in response to injurious stimuli in vitro (12, 55) and in the bronchoalveolar lavage fluids of patients with the acute respiratory distress syndrome (ARDS) (23). In an in vitro system that reflects changes in intercellular junctions and the paracellular pathway, we have demonstrated that exogenous TSP1 increases paracellular movement of macromolecules across postconfluent bovine pulmonary artery EC monolayers (16). At the same time, TSP1 increased tyrosine phosphorylation of proteins enriched to EC-EC boundaries and several of these substrates for tyrosine phosphorylation were identified as the zonula adherens (ZA) proteins, ␥-catenin, and p120 ctn . The ZA is a specialized structure that couples the actin cytoskeleton to the cytoplasmic domain of cadherins, surface receptors that mediate homophilic cell-to-cell adhesion (33). Cadherins are a superfamily of single-chain glycoproteins comprised of an NH 2 -terminal extracellular domain that dictates homophilic adhesive specificity, a hydrophobic membrane-spanning domain, and a highly conserved COOH-terminal cytoplasmic domain essential to homophilic adhesion and cytoskeletal linkage. Although multiple cadherins can be coexpressed in ECs, vascular endothelial (VE)-cadherin appears to be unique to ECs and is localized to their intercellular junctions (33). At least three cytoplasmic proteins, collectively termed catenins, form multiprotein complexes that participate in anchoring the cytoplasmic domain of cadherins to actin microfilaments (33). These include ␤-catenin, ␥-catenin, also known as plakoglobin, and p120 catenin. ␤-, ␥-and p120 catenins each contain multiple 42-amino-acid (aa) repeats originally identified in the Drosophila segment polarity gene product, armadillo. These three proteins bind directly to cadherins. ␤-and ␥-catenin appear to compete for the same binding site, whereas p120 catenin associates with cadherin at a more juxtamembranous location. ␤-and ␥-catenin each, directly and/or indirectly, couple the cadherin-catenin complex to the actin cytoskeleton. Increased tyrosine phosphorylation of ZA proteins can be coincident with their uncoupling from their binding partners, reduction of homophilic adhesion between opposing VE-cadherin ectodomains, and opening of the paracellular pathway (16, 32).
THROMBOSPONDIN-1 (TSP1) is a multidomain glycoprotein (6) that recognizes multiple endothelial cell (EC) receptors that are coupled to diverse signaling pathways and biological responses (56, 61) . TSP1 is secreted by numerous host tissues, including ECs, and is present in the underlying extracellular matrix (ECM) (5, 31) . In the lung, TSP1 is also expressed by type II alveolar epithelial cells and fetal lung fibroblasts (31) . TSP1 is not only expressed in tissues relevant and anatomically proximal to the vasculature and lung but is also present within the intravascular compartment as a circulating plasma protein (31) and in polymorphonuclear neutrophils, monocytes, and the ␣-granules of platelets (25, 30, 31, 35) . These cells continuously traffic through the microvasculature, where they intimately interact with the endothelial surface. Although ECs can both produce (45) and respond (16) to TSP1, whether TSP1 is presented to the pulmonary microvascular endothelium in vivo through an endocrine, paracrine, and/or autocrine pathway is unknown. TSP1 expression is increased in vascular tissues in response to injurious stimuli in vitro (12, 55) and in the bronchoalveolar lavage fluids of patients with the acute respiratory distress syndrome (ARDS) (23) . In an in vitro system that reflects changes in intercellular junctions and the paracellular pathway, we have demonstrated that exogenous TSP1 increases paracellular movement of macromolecules across postconfluent bovine pulmonary artery EC monolayers (16) . At the same time, TSP1 increased tyrosine phosphorylation of proteins enriched to EC-EC boundaries and several of these substrates for tyrosine phosphorylation were identified as the zonula adherens (ZA) proteins, ␥-catenin, and p120 ctn . The ZA is a specialized structure that couples the actin cytoskeleton to the cytoplasmic domain of cadherins, surface receptors that mediate homophilic cell-to-cell adhesion (33) . Cadherins are a superfamily of single-chain glycoproteins comprised of an NH 2 -terminal extracellular domain that dictates homophilic adhesive specificity, a hydrophobic membrane-spanning domain, and a highly conserved COOH-terminal cytoplasmic domain essential to homophilic adhesion and cytoskeletal linkage. Although multiple cadherins can be coexpressed in ECs, vascular endothelial (VE)-cadherin appears to be unique to ECs and is localized to their intercellular junctions (33) . At least three cytoplasmic proteins, collectively termed catenins, form multiprotein complexes that participate in anchoring the cytoplasmic domain of cadherins to actin microfilaments (33) . These include ␤-catenin, ␥-catenin, also known as plakoglobin, and p120 catenin. ␤-, ␥-and p120 catenins each contain multiple 42-amino-acid (aa) repeats originally identified in the Drosophila segment polarity gene product, armadillo. These three proteins bind directly to cadherins. ␤-and ␥-catenin appear to compete for the same binding site, whereas p120 catenin associates with cadherin at a more juxtamembranous location. ␤-and ␥-catenin each, directly and/or indirectly, couple the cadherin-catenin complex to the actin cytoskeleton. Increased tyrosine phosphorylation of ZA proteins can be coincident with their uncoupling from their binding partners, reduction of homophilic adhesion between opposing VE-cadherin ectodomains, and opening of the paracellular pathway (16, 32) .
We previously reported that prior broad-spectrum protein tyrosine kinase (PTK) inhibition protects against TSP1-induced opening of the paracellular pathway and loss of barrier function (16) . The operative PTK(s) had not been identified. Each TSP1 monomer contains three epidermal growth factor (EGF)-like repeats (6) , each of which contains the six spatially conserved cysteine residues that form the three intramolecular disulfide bonds required to engage the EGF receptor (EGFR) (20) . TSP1 increases ZA protein tyrosine phosphorylation (16) , reorganizes the actin cytoskeleton (1) , and enhances cell motility (59) , all activities that can occur downstream of EGFR activation (11, 22, 40, 54, 63) . In fact, we recently reported that the EGF-like repeats of TSP1 activate EGFR in human A431 epidermoid carcinoma cells (37) .
The four members of the ErbB receptor PTK family each contain an NH 2 -terminal ligand-binding ectodomain coupled to an intracellular catalytic domain and its tyrosine phosphorylation sites (47, 65) . Ligand binding to the ectodomain of EGFR (also referred to as ErbB1 or HER1), ErbB3, or ErbB4, induces receptor homodimerization and heterodimerization with other ErbB family members, intrinsic kinase activity, and autotransphosphorylation of specific tyrosine residues, which, in turn, serve as a docking site within the cytoplasmic domain for signaling molecules (47) . ErbB2, an orphan receptor that does not directly recognize any known ligand, responds only through heterodimerization with other ErbB receptors (47, 65) . In the hierarchy of ErbB receptor-receptor interactions, ErbB2 is the preferred heterodimerization partner for the other ErbB proteins (19) and in general potentiates ErbB signaling (19, 47, 65) . High-affinity EGFR ligands share a 45-55-aa EGF motif with six spatially conserved cysteine residues that form three intramolecular disulfide bonds that dictate their tertiary conformation (20, 47, 65) . These ligands are synthesized as transmembrane precursor proteins that are proteolytically cleaved to release mature growth factors for autocrine/paracrine stimulation. In addition to these "authentic" ErbB ligands, EGF-like sequences are present in many other proteins (3, 14, 24, 26) , including TSP1 (37) . EGFR and the other ErbB family members are known to participate in host-cell embryogenesis and development, proliferation, differentiation, wound healing, and malignant transformation.
In the present studies, we have defined ErbB receptor expression in human lung microvascular endothelial cells (HMVECLs) and established that TSP1 activates one or more of these ErbB receptors to increase tyrosine phosphorylation of ZA proteins and regulates the paracellular pathway. These studies identify a novel mechanism through which TSP1 regulates endothelial barrier integrity.
MATERIALS AND METHODS
Preparation of human TSP1 and recombinant TSP1 EGF-like repeats. TSP1 was purified from pooled outdated human platelets purchased from the American Red Cross as described (16) . Purity was assessed by PAGE in SDS. Baculovirus-expressed recombinant human TSP1 EGF-like repeats 1-3 (E123) (aa 549 -691 numbered from the initiating methionine of the full-length subunit) were purified after secretion as described (37) .
Cell culture. HMVEC-Ls (Lonza Walkersville, Walkersville, MD) were cultured in EC growth medium (Lonza) containing 5% fetal bovine serum (FBS) (Hyclone Laboratories, Logan, UT), as described (18) . HMVEC-Ls were studied in passages 2 to 7. Human epidermoid carcinoma A431 cells and human lung A549 alveolar type II cells derived from a lung adenocarcinoma (American Type Culture Collection, Manassas, VA) were cultured in DMEM (ATCC) enriched with 10% FBS, as described (37) .
Assay for endothelial barrier function. Transendothelial 14 C-BSA flux was used as a measure of endothelial paracellular permeability as described (18) . Briefly, gelatin-impregnated polycarbonate filters (Nucleopore, Pleasanton, CA) mounted in chemotactic chambers (ADAPS, Dedham, MA) were inserted into wells of 24-well plates. HMVEC-Ls were cultured to confluence in each upper compartment. The baseline barrier function of each monolayer was established by applying 14 C-BSA to each upper compartment for 1 h, after which the lower compartment was counted for 14 C activity. Only monolayers retaining Ն97% of the 14 C-BSA were studied. The monolayers were then exposed for 6 h to increasing concentrations of TSP1, EGF, transforming growth factor (TGF)-␣, and amphiregulin (Sigma Chemical, St. Louis, MO) or recombinant TSP1 EGF-like repeats (E123). On the basis of the established dose-response relationship, other monolayers were exposed to a fixed TSP1 concentration (30 g/ml or 214 nM) or medium alone for increasing exposure times. Transfer of 14 C-BSA across EC monolayers was again assayed and expressed in picomoles/hour. In selected experiments, EC monolayers were pretreated for 2 h with the broad-spectrum PTK inhibitor, erbstatin (5 M) (Calbiochem, San Diego, CA), the EGFR-selective tyrphostin, AG1478 (5 M) (Calbiochem) (37, 64) , the ErbB2-selective tyrphostin, AG825 (5 M) (Calbiochem) (64) , the murine anti-human EGFR ectodomain blocking antibody, GR13L (Calbiochem) (15) , or either of two species-and isotype-matched irrelevant antibody controls, murine anti-human TNF-␣ antibody (R&D Systems, Minneapolis, MN) and murine anti-human B7-1/CD80 antibody (R&D Systems) or medium alone.
F-actin and phosphotyrosine fluorescence microscopy. Postconfluent HMVEC-Ls cultured to postconfluence on glass coverslips were exposed for 6 h to TSP1 (30 g/ml, i.e., 214 nM) or medium alone, washed, fixed (formaldehyde 3.7%, 20 min), and permeabilized (Triton X-100 0.5% in HEPES buffer, 5 min, 4°C). To detect intercellular gaps, monolayers were stained for 20 min with the F-actin probe, rhodamine-phalloidin (1.65 ϫ 10 Ϫ7 M) (Molecular Probes, Eugene, OR), as described (16) . To immunolocalize substrates for TSP1-induced tyrosine phosphorylation to one or more subcellular compartments, monolayers were incubated with FITC-conjugated murine anti-phosphotyrosine 4G10 IgG (Upstate Biotech, Lake Placid, NY) as described (18) . The phalloidin-stained and immunostained monolayers were photographed through a Nikon Eclipse TE-2000-E fluorescence microscope.
Phosphotyrosine immunoblotting of EC and ZA proteins. Postconfluent HMVEC-L monolayers were exposed for 1 h to TSP1 (30 g/ml, i.e., 214 nM) or medium alone in the presence of sodium orthovanadate (vanadate) (200 M) and phenylarsine oxide (PAO) (1.0 M), only during the last 0.25 h of incubation, after which they were solubilized with ice-cold lysis buffer as described (18) . The samples were resolved by electrophoresis on an 8 -16% gradient SDS-polyacrylamide gel (Invitrogen, Carlsbad, CA) and were transferred onto PVDF membranes (Millipore, Bedford, MA). Each blot was blocked with 1% BSA in PBS-Tween 20, incubated with horseradish peroxidase (HRP)-conjugated, antiphosphotyrosine antibodies (0.25 g/ml) (PY-plus; Zymed, Carlsbad, CA), and developed with enhanced chemiluminescence (ECL). To confirm equivalent protein loading and transfer, blots were stripped and reprobed with anti-␤-tubulin antibody followed by HRP-conjugated anti-mouse IgG and developed with ECL.
In other experiments, an immunoprecipitation strategy was employed to identify ZA substrates for tyrosine phosphorylation as described (16, 18, 57) . HMVEC-L monolayers were exposed for 10 min, 1 h, 2 h, and 6 h to TSP1 (30 g/ml, i.e., 214 nM) or medium alone and lysed. The lysates were precleared by incubation with either anti-murine or anti-goat IgG cross-linked to agarose (Sigma) for 1 h at 4°C and then incubated overnight at 4°C with specific murine monoclonal antibodies raised against ␤-, ␥-, or p120-catenin (Transduction Laboratories, Lexington, KY), or a goat polyclonal antibody raised against VE-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA). The resultant immune complexes were immobilized by incubation with IgG cross-linked to agarose for 2 h at 4°C, centrifuged, washed, boiled for 5 min in sample buffer, and again centrifuged. The supernates were then processed for phosphotyrosine immunoblotting as described above (16, 18, 57) . To control for discrepancies in immunoprecipitation efficiency and protein loading and transfer, the blots were stripped and reprobed with the immunoprecipitating antibody. The blots were subsequently incubated with HRP-conjugated anti-mouse IgG (Transduction Laboratories) or HRP-conjugated antigoat IgG (Santa Cruz) and developed with ECL. Blots were scanned by laser densitometry, and the phosphotyrosine-containing bands were normalized to the immunoprecipitated protein of interest.
ErbB mRNA and protein expression in endothelia. Total RNA was isolated from postconfluent HMVEC-Ls, using the Absolutely RNA Miniprep Kit (Stratagene, La Jolla, CA) as described (18, 37) . Complementary DNA was generated from total RNA by annealing it to poly (dT) primer at 65°C and then reversibly transcribing it with Superscript III reverse transcriptase (Invitrogen) (20 l, 50°C, 45 min). This cDNA was used as a template for amplification with Ex Tag DNA polymerase (5U) (TakaRa) and sense and antisense primers for human EGFR, ErbB2, ErbB3, and ErbB4 in a PCR reaction that cycled with annealing temperatures at 58°C and extension at 72°C ϫ 35 s. These sense and antisense primers included: for EGFR, TGATG-GCTAGTGTGGACAACC and CATGATATTCTTTCTCTTCAGCA; for ErbB2, GGCTGCTGGACATTGACGAG and GGGGCTGG-GGCAGCCGCTC; for ErbB3, GGAGTACAAATTGCCAAGGGTA and CAGGTCTGGCAAGTATGGAT; and for ErbB4, CTCTGATCATG-GCAAGTATGGAT and CATTGTATTCTTTTTCATCTCCTTC. The anticipated sizes of PCR products were 318 bp for EGFR, 231 bp for ErbB2, 327 bp for ErbB3, 324 bp for ErbB4, and 452 bp for GAPDH, a housekeeping gene control. Postconfluent HMVEC-Ls were lysed, and the lysates were processed for immunoblotting with murine anti-EGFR, anti-ErbB2, anti-ErbB3, or anti-ErbB4 antibodies (BD Biosciences Pharmingen, San Diego, CA) followed by HRPconjugated anti-mouse IgG (Transduction Laboratories) and developed with ECL. In selected experiments, to enrich for EGFR and ErbB2, HMVEC-L lysates (up to 1 mg) were immunoprecipitated with either murine anti-EGFR or murine anti-ErbB2 antibodies (2.5 g antibody/500 g of lysate) (BD Biosciences Pharmingen). The blots of EGFR immunoprecipitates were probed with anti-EGFR antibody, and the blots of ErbB2 immunoprecipitates were probed with anti-ErbB2 antibodies.
EGFR/ErbB2 heterodimerization and activation. To determine whether TSP1 induces EGFR/ErbB2 heterodimerization in HMVECLs, reciprocal coimmunoprecipitation assays were performed as described (57) . HMVEC-Ls were solubilized with a low-stringency lysis buffer containing 20 mmol/l Tris, pH 7.5, 2 mmol/l CaCl 2, 1% Triton X-100, 5 mg/ml leupeptin, 5 mg/ml aprotinin, 1 mmol/l benzamidine, 200 mol/l PAO, 1 mmol/l vanadate, and 0.1 mmol/l molybdate. The EC lysates were immunoprecipitated with either murine anti-EGFR or anti-ErbB2 antibodies and the immunoprecipitates processed for immunoblotting. Here, the blots of EGFR immunoprecipitates were probed with anti-ErbB2 antibody, and the blots of ErbB2 immunoprecipitates were probed with anti-EGFR antibodies. The blots were subsequently incubated with HRP-conjugated anti-mouse IgG (Transduction Laboratories) and developed with ECL. To detect EGFR/ ErbB2 activation in HMVEC-Ls, cells were exposed for 1 h to TSP1 30 g/ml or medium alone and lysed, and the lysates were immunoprecipitated with either anti-EGFR or anti-ErbB2 antibodies or an equivalent concentration of the irrelevant antibody control. The immunoprecipitates were processed for phosphotyrosine immunoblotting as described (18, 57) .
EGFR overexpression in HMVEC-Ls. Adenovirus (Ad) encoding for human EGFR (Ad-EGFR) or green fluorescent protein (GFP) (Ad-GFP) (4) were packaged and amplified in human embryonic kidney 293 cells. HMVEC-Ls cultured to confluence in 60-mm dishes were incubated with packaged Ad-EGFR or Ad-GFP at 10 5 -10 8 plaque forming units per dish, i.e., at approximate multiplicity of infections (MOIs) of 1, 10, 50, 100, 150, 200, and 500, respectively. At 24 h, the cells were lysed and the lysates processed for immunoblotting for EGFR. The blots were stripped and first reprobed for phospho-EGFR (Y1068), as an indicator of activation, followed by ␤-tubulin to indicate protein loading and transfer. For barrier assays, postconfluent HMVEC-Ls cultured in barrier assay chambers were infected with increasing MOIs of Ad-EGFR or Ad-GFP, after which baseline barrier function was established. The infected monolayers were exposed for 6 h to EGF (100 ng/ml) or increasing concentrations of recombinant TSP1 EGF-like repeats, or medium alone, after which barrier function was assayed. Statistical methods. Analysis of variance was used to compare the mean responses among experimental and control groups for all experiments. The Dunnett and Scheffé F-tests were used to determine between which group's significant differences existed. A P value of Ͻ0.05 was considered significant. 14 C-BSA flux. TSP1 increased 14 C-BSA flux across HMVEC-L monolayers in a concentration-dependent manner (Fig. 1A) . The mean (Ϯ SE) pretreatment transendothelial 14 C-BSA flux was 0.013 Ϯ 0.006 pmol/h (n ϭ 58), and the mean (Ϯ SE) 14 C-BSA transfer across naked filters without EC monolayers was 13.54 Ϯ 1.01 pmol/h (n ϭ 8). The lowest TSP1 concentration that increased 14 C-BSA flux compared with the medium control was 15 g/ml or 0.107 M. The maximum mean (Ϯ SE) 14 C-BSA flux of 0.067 Ϯ 0.005 pmol/h was seen with TSP1 30 g/ml (214 nM), at which point the TSP1-induced effect had begun to plateau or saturate (Fig.  1A) . Transendothelial 14 C-BSA flux was assayed after increasing exposure times to TSP1 (30 g/ml) or medium alone, from 10 min to 8 h. Here, the mean (Ϯ SE) pretreatment barrier function was 0.005 Ϯ 0.001 pmol/h (n ϭ 71).
RESULTS

TSP1 induces dose-, time-and PTK-dependent increases in transendothelial
14 C-BSA flux across medium control monolayers did not change throughout the 8-h study period. TSP1 (30 g/ml) increased 14 C-BSA flux compared with the simultaneous medium controls at Ն10 min with further time-dependent increments at 2-8 h (Fig. 1B) . Prior broad-spectrum PTK inhibition with erbstatin (5 M) completely protected against the TSP1-induced increase in 14 C-albumin flux (Fig. 1C) . Finally, TSP1, at the same concentration and after the same exposure times that increase transendothelial 14 C-BSA flux (Fig. 1, A and B) , induced intercellular gaps in postconfluent monolayers (Fig. 1D, ii and  iii) . Therefore, TSP1 disrupted barrier integrity in a dose-, time-, and PTK-dependent manner coincident with opening of the paracellular pathway.
Identification of substrates for TSP1-induced protein tyrosine phosphorylation. As a first step to determine which EC proteins might be tyrosine phosphorylated in response to TSP1, postconfluent HMVEC-L monolayers were exposed for 1 h to TSP1 (30 g/ml) or medium alone and probed with FITCconjugated anti-phosphotyrosine antibody for fluorescence microscopy ( Fig. 2A) . TSP1-exposed ECs displayed enhanced fluorescence signal almost exclusively restricted to intercellular boundaries compared with the medium control (see arrows in Fig. 2A, ii) . These data suggest that TSP1 preferentially stimulates tyrosine phosphorylation of proteins that are either enriched to or upon phosphorylation translocate to cell-to-cell junctions in postconfluent EC monolayers. In other experiments, TSP1-treated and medium control HMVEC-Ls were lysed, and the were lysates processed for phosphotyrosine immunoblotting. TSP1 increased phosphotyrosine signal compared with the medium control (Fig. 2B) . Phosphotyrosinecontaining bands that migrated with apparent ϳMr of 185,000, 170,000, 140,000 -120,000, and 95,000 were revealed. We have identified EGFR as a substrate for TSP1-induced tyrosine phosphorylation in A431 cells (37) . EGFR and possibly ErbB2 likely explain the ϳ170-kDa and/or ϳ185-kDa phosphotyrosine-containing bands (Fig. 2B) .
On the basis of subcellular localization and gel mobility, we adopted an immunoprecipitation immunoscreening strategy to determine whether ZA proteins are substrates for TSP1-induced tyrosine phosphorylation in HMVEC-Ls (Fig. 2C) . TSP1 increased tyrosine phosphorylation of VE-cadherin (lanes 1 and 2), ␥-catenin (lanes 5 and 6), and p120 ctn (lanes 7 and 8), but not ␤-catenin (lanes 3 and 4) . Whether one or more p120 ctn isoforms were preferentially phosphorylated in response to the TSP1 stimulus was unclear. We then studied tyrosine phosphorylation of these three ZA proteins, whose phosphorylation increased in response to a 1-h TSP1 exposure, overtime (Fig. 3) . TSP1 increased tyrosine phosphorylation of VE-cadherin (Fig. 3, A and B) , ␥-catenin (Fig. 3, C and D) , and p120 ctn (Fig. 3, E and F) each at 10 min, 2 h, and 6 h compared ; n indicates number of monolayers studied and is indicated next to each symbol (A ϩ B) or within each bar (C). *Significantly increased compared with the simultaneous medium control at P Ͻ 0.05. **Significantly decreased compared with TSP1 alone at P Ͻ 0.05. D: postconfluent HMVEC-L monolayers were exposed for 6 h to TSP1 (30 g/ml, i.e., 214 nM) (ii and iii) or medium alone (i), after which they were probed with the F-actin probe, rhodamine-phalloidin, and processed for fluorescence microscopy. Arrows indicate intercellular gaps in TSP1-exposed monolayers. Magnification ϭ ϫ800.
with their respective simultaneous medium controls. Therefore, tyrosine phosphorylation of each of these three ZA proteins, VE-cadherin, ␥-catenin, and p120 ctn , is detectible at Յ10 min following the TSP1 stimulus, temporarily proximal to or coincident with TSP1-induced barrier disruption (Fig. 1B) .
ErbB expression in endothelia. In HMVEC-Ls, we applied an RT-PCR approach to detect mRNAs for the four ErbB family members (Fig. 4A) . In HMVEC-Ls, EGFR and ErbB2 mRNAs were detected (lanes 2 and 3) 7) . We then used antibodies specific for EGFR and ErbB2 to probe for ErbB proteins. In total HMVEC-L lysates, neither EGFR or ErbB2 protein could be detected (data not shown). Only after prior enrichment through immunoprecipitation of large quantities of EC protein, could we detect EGFR (lanes 2 and 3) or ErbB2 (lanes 5 and 6) protein (Fig. 4B) . A431 cells were used as positive controls (lanes 1 and 4) . Prior treatment with EGF did not alter abundance of either protein (Fig. 4B, lanes 2 vs. 3 and lanes 5 vs. 6) .
TSP1 activates EGFR and ErbB2. Prior broad-spectrum PTK inhibition protects against TSP1-induced opening of the endothelial paracellular pathway (Fig. 1C) (16) . TSP1 contains EGF-like repeats (37) and evokes multiple activities (1, 16, 59 ) that could be ascribed to EGFR signaling (11, 22, 40, 54, 63) .
In A431 cells, TSP1 activates EGFR (37) . In HMVEC-Ls, after 10-and 30-min exposures to TSP1 (30 g/ml), immunoprecipitation of EGFR coimmunoprecipitated ErbB2 (lanes 2 and 4) and immunoprecipitation of ErbB2 coimmunoprecipitated EGFR (lanes 6 and 8) (Fig. 5A) . Coincident with EGFR/ErbB2 heterodimerization, TSP1 increased tyrosine phosphorylation of both EGFR (lane 2) and ErbB2 (lane 4) (Fig. 5B) . In these studies, extremely low levels of ErbB protein expression precluded stripping and probing for total EGFR/ErbB2. These combined data indicate that TSP1 induces heterodimerization and activation of EGFR and ErbB2 in HMVEC-Ls.
TSP1 opens the endothelial paracellular pathway through EGFR/ErbB2 activation. TSP1 activates EGFR/ErbB2 (Fig.  5B) (37) , and prior broad-spectrum PTK inhibition protects against TSP1-induced barrier disruption (Fig. 1C) (16) . We asked whether EGFR and/or ErbB2 catalytic activities might be operative in this EC response to TSP1. Pretreatment of HMVEC-Ls with either the EGFR-selective (AG1478) (Fig. 6A) or ErbB2-selective (AG825) (Fig. 6B) inhibitor protected against opening of the paracellular pathway in response to TSP1. Preincubation of monolayers with the EGFR ectodomain-blocking antibody, GR13L, blocked the TSP1-induced increases in paracellular permeability, whereas the species-and isotype-matched antibody control had no such effect (Fig. 6C) . These data indicate that accessibility to the Fig. 2 . Identification of substrates for TSP1-induced protein tyrosine phosphorylation. A: postconfluent HMVEC-L monolayers were exposed for 1 h to TSP1 (30 g/ml, i.e., 214 nM) (ii) or medium alone (i), after which they were probed with FITC-conjugated antiphosphotyrosine antibodies and processed for fluorescence microscopy. Arrows indicate increased phosphotyrosine signal at intercellular boundaries. Magnification ϭ ϫ400. In other experiments, HMVEC-Ls were incubated for 1 h with TSP1 (30 g/ml, i.e., 214 nM) (ϩ) or medium alone (-) in the presence of vanadate (200 M) and phenylarsine oxide (PAO) (1.0 M) only during the last 0.25 h of incubation. B: TSP1-exposed and medium control endothelial cells (ECs) were lysed, and total cell lysates were resolved by SDS-PAGE, transferred to PVDF, and the blots probed with antiphosphotyrosine antibody. To indicate protein loading and transfer, the blots were stripped and reprobed with anti-␤-tubulin antibody. C: lysates of TSP1-exposed and medium control ECs were immunoprecipitated with antibodies raised against vascular endothelial (VE)-cadherin, ␤-catenin, ␥-catenin, or p120 ctn . The immunoprecipitates were resolved by SDS-PAGE and transferred to PVDF, and the blots were probed with antiphosphotyrosine antibody. For normalization of phosphotyrosine signal to loading of the immunoprecipitated protein, blots were stripped and reprobed with the immunoprecipitating antibodies. IP, immunoprecipitate; IB, immunoblots; IB*, immunoblots after stripping. Each blot is representative of 3 independent experiments.
ligand-binding portion of the EGFR ectodomain and EGFR and ErbB2 kinase activities are required for TSP1-induced barrier disruption. (Fig. 5B) and increases tyrosine phosphorylation of the ZA proteins, VE-cadherin, ␥-catenin, and p120 ctn (Fig. 2C) . We asked whether EGFR/ErbB2 kinase activity participates in ZA protein phosphorylation in response to TSP1. Prior EGFRselective PTK inhibition with AG1478 or ErbB2-selective PTK inhibition with AG825 each markedly diminished tyrosine phosphorylation of all three of these ZA proteins (Fig. 7, A-C) . Prior PTK inhibition with AG825 only blocked p120 ctn phosphorylation by ϳ70% (Fig. 7C) . These results indicate that TSP1 increases tyrosine phosphorylation of these three ZA proteins through EGFR/ErbB2 activation.
TSP1 increases ZA protein tyrosine phosphorylation through EGFR/ErbB2 activation. TSP1 activates EGFR/ErbB2
Failure of EGFR ligands and TSP1 EGF-like repeats to open the paracellular pathway.
In A431 cells, treatment with baculovirus-derived recombinant TSP1 domains corresponding to overlapping sequences from the full-length protein mapped the ability to activate EGFR to the tandem EGF-like repeats (37) . Because TSP1 opens the endothelial paracellular pathway through EGFR/ErbB2 activation (Fig. 6, B, C , and E), we asked whether recombinant TSP1 EGF-like repeats alone could increase paracellular permeability. When postconfluent HMVEC-L monolayers were exposed for 6 h to increasing concentrations of TSP1 EGF-like repeats, EGF-like repeats at concentrations up to ϳ50-fold greater than those required for native TSP1 to open the paracellular pathway (Fig. 1A) failed to increase 14 C-BSA flux (Fig. 8A) . Postconfluent HMVEC-L monolayers were exposed for 6 h to increasing concentrations of the EGFR ligands, EGF, TGF-␣, and amphiregulin, after which they were assayed for transendothelial 14 C-albumin flux (Fig. 8B) . Not one of these three high-affinity EGFR ligands, at concentrations up to 1,000-fold greater than the concentrations required to activate EGFR, increased 14 C-BSA flux (Fig. 8B ). This failure of recombinant TSP1 EGF-like repeats or authentic high-affinity EGFR ligands to open the endothelial paracellular pathway could be explained by the extremely low levels of EGFR and ErbB2 expression in HMVEC-Ls and/or the ctn (E), and each immunoprecipitate was processed for phosphotyrosine immunoblotting. To control for protein immunoprecipitation, loading, and transfer, blots were stripped and reprobed with each immunoprecipitating antibody. Each blot is representative of 3 independent experiments. B, D, and F: densitometry for each ZA phosphotyrosine signal was normalized to the densitometry for the respective total ZA protein signal in the same lane in the same gel. B: normalized densitometry for VE-cadherin (n ϭ 3). D: normalized densitometry for ␥-catenin (n ϭ 3). F: normalized densitometry for p120 ctn (n ϭ 3). *Significantly increased compared with the simultaneous medium control at P Ͻ 0.05. requirement of one or more other TSP1 domains in addition to the type 2 repeats. To begin to address this issue, EGFR was overexpressed in HMVEC-Ls before exposure to recombinant TSP1 EGF-like repeats. Infection of HMVEC-Ls with Ad-EGFR at MOIs Ͼ10 dramatically increased levels of EGFR expression (Fig. 9A) . In these same infected ECs, EGFR Y1068 autophosphorylation also was evident at MOIs Ն10 (Fig. 9A) , whereas barrier function was lost only at MOIs Ն200 (Fig. 9B) . In HMVEC-Ls infected with Ad-EGFR at MOI ϭ 150, the cells became barrier responsive to EGF (100 ng/ml) (Fig. 9C) as well as recombinant TSP1 EGF-like repeats, whereas those infected with an equivalent MOI of Ad-GFP did not (Fig. 9D) . Therefore, in unmanipulated HM-VEC-Ls, in which EGFR protein is expressed at low, almost undetectable levels, EGFR activation alone is insufficient to open the paracellular pathway. This finding indicates that, under physiological conditions, one or more TSP1 domains outside of the EGF-like repeats are also required for the barrier-disrupting effect. However, after EGFR expression is sufficiently elevated, activation of the receptor opens the endothelial paracellular pathway.
DISCUSSION
In this study, we demonstrate that exogenous soluble TSP1 increases paracellular movement of macromolecules across human lung microvascular EC monolayers through a PTKdependent mechanism. Because these ECs express EGFR and ErbB2 at the mRNA and protein levels, we investigated the role of these ErbB receptors in mediating TSP1-induced barrier disruption. TSP1 increased tyrosine phosphorylation of EGFR, ErbB2, and the ZA proteins, VE-cadherin, ␥-catenin, and p120 ctn . Prior EGFR-selective and ErbB2-selective PTK inhibition each protected against increased ZA protein tyrosine phosphorylation and barrier disruption in response to the TSP1 stimulus. Prior immunoblockade of the EGFR ectodomain also completely protected against the loss of barrier function. We previously found that the EGF-like repeats of TSP1 indirectly The DNA ladder, ErbB1, ErbB2, ErbB3, ErbB4 and GAPDH (lanes 1-4, 6, and 8) were run on the same gel, whereas the ErbB3 and ErbB4 positive controls (lanes 5 and 7) were run on separate gels. B: total cell lysates from EGF-exposed (lanes 3 and 6) and control (lanes 2 and 5) HMVEC-Ls were immunoprecipitated with either anti-EGFR or anti-ErbB2 antibodies. The immunoprecipitates were resolved by SDS-PAGE and transferred to PVDF, and each blot was probed with the immunoprecipitating antibody. The total cell lysates from A431 epithelial cells served as the positive controls for both EGFR and ErbB2 proteins (lanes 1 and 4). 8) antibodies. The immunoprecipitates were resolved by SDS-PAGE and transferred to PVDF, and the EGFR blots were incubated with anti-ErbB2 antibodies (lanes 1-4) and the ErbB2 blots incubated with anti-EGFR antibodies (lanes 5-8) . B: lysates from HMVEC-Ls exposed for 1 h to TSP1 (30 g/ml, i.e., 214 nM) (lanes 2 and 4) or media alone (lanes 1 and 3) were immunoprecipitated with either anti-EGFR (lanes 1-2) or anti-ErbB2 (lanes 3-4) antibodies. The immunoprecipitates were resolved by SDS-PAGE and transferred to PVDF, and the blots were probed with anti-phosphotyrosine antibodies. Each blot is representative of 3 independent experiments.
activate EGFR in high-EGFR-expressing A431 cells (37) . However, in HMVEC-Ls, recombinant TSP1 EGF-like repeats 1-3 and the high-affinity EGFR ligands, EGF, TGF-␣, and amphiregulin, each failed to open the paracellular pathway.
ECs, in which EGFR was overexpressed, became responsive to the TSP1 EGF-like repeats and the EGFR ligand, EGF. These combined data indicate that, in human lung microvascular endothelia, TSP1 regulates the ZA multiprotein complex and the paracellular pathway through EGFR and ErbB2 activation. Under physiological conditions where EGFR expression is low, EGFR activation is necessary but insufficient to open the paracellular pathway in response to TSP1. In our studies, native TSP1 increased transendothelial albumin flux at concentrations as low as 15 g/ml (0.107 M) (Fig.  1A) . In normal subjects, the mean (Ϯ SD) concentration of TSP1 in whole blood is reportedly 18.00 Ϯ 3.39 g/ml with a range of 13.5-26.5 g/ml (n ϭ 21) (10). During platelet aggregation and release, TSP1 levels are further elevated (58) . In one report, the TSP1 concentrations in the bronchoalveolar lavage fluids obtained from patients with ARDS were elevated compared with those from normal subjects (23) . On the basis of these combined studies, the TSP1 concentrations used in the present studies are physiologically relevant, especially under conditions of platelet activation. At a fixed concentration of 214 nM, TSP1 increased transendothelial 14 C-BSA flux as early as 10 min with further gradual time-dependent increases throughout the 8-h study period (Fig. 1B) . TSP1 is a multidomain protein (6) that contains multiple binding motifs that are known to recognize up to eight distinct cognate receptors expressed on host cells, including endothelia (56, 61) . Each of these receptors are coupled to their own signaling events. It is conceivable that the time requirements for the endothelial barrier response to TSP1 is dictated by the net effect of multiple cross-talking signaling pathways functioning in concert.
The level of expression and function of ErbB proteins in various endothelia is unclear. ErbB protein expression in most normal nonmalignant cells, including endothelia, is extremely low and not consistently detectable (27) . In cells cultured in growth factor-and/or serum-containing medium, at least for EGFR, this may be explained, in part, through ligand-induced internalization and lysosomal degradation (41) . Nevertheless, EGFR ligands appear to be important or even necessary for the maintenance of ECs in culture (9) . Although a few studies have indicated distinct, and in some cases contradictory, patterns of ErbB receptor expression in various endothelia (8, 29) , their expression in HMVEC-Ls was unknown. In selected reports, EC responsiveness to EGFR ligands was described (42, 46) , whereas, in another study, multiple EC responses were inhibitable by selective EGFR PTK inhibition (43) . At least in one report, the endothelium was consistently stained by anti-EGFR antibody in normal human bronchial mucosa (51) . ErbB2 has been detected in human aortic (28) and bone marrow-derived (21) endothelia. We found that, in HMVEC-Ls, EGFR and ErbB2 were expressed at mRNA and protein levels, whereas ErbB3 and ErbB4 were not detected (Fig. 4, A and B) . Nevertheless, TSP1-induced EC responses were inhibitable by either AG1478 (Fig. 6A) or AG825 (Fig. 6B) . It is conceivable that each of these two proteins, EGFR and ErbB2, expressed almost below levels of detection, together heterodimerize and synergize to regulate HMVEC-L responses to TSP1.
In these studies, we identified the ZA proteins, VE-cadherin, ␥-catenin, and p120 ctn but not ␤-catenin (Figs. 2C and 3 ) as substrates for TSP1-induced tyrosine phosphorylation. Tyrosine phosphorylation of VE-cadherin regulates its binding to Fig. 6 . TSP1 opens the endothelial paracellular pathway through EGFR/ErbB2 activation. HMVEC-Ls cultured to postconfluence in barrier assay chambers were exposed for 6 h to TSP1 (30 g/ml, i.e., 214 nM) or medium alone in the presence or absence of the EGFR-selective tyrphostin, AG1478 (5 M) (A), the ErbB2-selective tyrphostin, AG825 (5 M) (B), or the GRI3L antibody that blocks the ligand-binding portion of the EGFR ectodomain or a species-and isotype-matched antibody control (C). Vertical bars represent mean (Ϯ SE) transendothelial 14 C-BSA flux in pmol/h immediately after the 6-h study period. The mean (Ϯ SE) pretreatment baselines are shown by the closed bars; n, the number of monolayers studied, is indicated in each bar. *Significantly increased compared with the simultaneous media control at P Ͻ 0.05; **significantly decreased compared with TSP1 alone at P Ͻ 0.05.
catenins and reduces the homophilic adhesion between opposing ectodomains, through inside-out signaling (36) . Multiple established mediators of increased vascular permeability, like TSP1, have been shown to increase tyrosine phosphorylation of ZA proteins, including VE-cadherin (16, 18) . p120
ctn has emerged as a key regulator of cadherin expression and function (36) . p120
ctn not only regulates VE-cadherin turnover at the plasma membrane but also influences lateral clustering of VE-cadherin (36) . ␤-and ␥-catenin compete for the same binding site on the intracellular domain of VE-cadherin (32) . In postconfluent ECs, the formation of mature and cytoskeletonconnected junctions is accompanied by increases in ␥-catenin association with VE-cadherin with competitive displacement of ␤-catenin (32). Increased ␥-catenin association with VEcadherin may explain preferential ␥-catenin vs. ␤-catenin phosphorylation by one or more ZA-associated PTKs, including EGFR (22, 40, 54) . Prior ErbB2-selective PTK inhibition with AG825 also completely blocked VE-cadherin and ␥-catenin phosphorylation (Fig. 7, A and B) but only partially protected against p120 ctn phosphorylation (Fig. 7C, lane 4) . p120 ctn was first identified as a substrate for c-src (52) , and EGFR activation can be associated with c-src recruitment (60) . It is conceivable that one or more src family PTKs contribute to TSP1-induced p120 ctn phosphorylation. Either EGFR-selective or ErbB2-selective PTK inhibition each protected against TSP1-induced barrier disruption (Fig. 6, A and B) . Because only EGFR and ErbB2 but not ErB3 or 4 are expressed in HMVEC-Ls (Fig. 4) and no ligand has ever been established for ErbB2, ErbB2 is likely transactivated through EGFR activation. That EGFR ectodomain-blocking antibody protects against the TSP1 effect supports the absolute requirement for EGFR engagement.
We then tested the portion of TSP1 that activates EGFR, the EGF-like repeats, in the barrier assay. Exposure to increasing concentrations of recombinant TSP1 EGF-like repeats (up to 5 M) failed to increase transendothelial 14 C-BSA flux (Fig.  8A) . Although this baculovirus-derived recombinant domain can clearly activate EGFR (37), we asked whether an altered tertiary structure could explain its inability to open the paracellular pathway. We tested three high-affinity EGFR ligands, EGF, TGF-␣, and amphiregulin; each at concentrations up to 10 g/ml failed to open the endothelial paracellular pathway (Fig. 8B) . These combined data indicate that, under conditions where EGFR expression is low, as in HMVEC-Ls, engagement and activation of EGFR alone are insufficient to open the endothelial paracellular pathway and suggest that TSP1 must also interact with another EC surface receptor or receptors to do so. We then asked whether the inability of EGFR activation alone to open the paracellular pathway could be explained by its extremely low expression in these cells. HMVEC-Ls, in which EGFR expression was elevated to levels that in itself did not alter barrier function, became barrier responsive to EGF and the TSP1 EGF-like repeats (Fig. 9C ). Our data demonstrate that, if expressed at sufficient levels, EGFR can regulate the paracellular pathway in HMVEC-Ls.
EGFR may participate in TSP1-induced opening of the paracellular pathway through multiple mechanisms. First, EGFR increases tyrosine phosphorylation of ZA proteins (22, 40, 54) . EGFR activation also recruits and activates src family kinases (60) , which, in turn, tyrosine phosphorylate ZA proteins and open the paracellular pathway (18) . EGFR activation is also coupled to Erk1/2 activation, which has been implicated in loss of barrier function (50) . EGFR activation provokes profound cell-shape changes and actin reorganization (11, 63) , and a structure-function relationship exists between actin reorganization and changes in barrier function (17) . Activation of EGFR generates H 2 O 2 , which, through oxidation of a crucial cysteine residue within the conserved catalytic domain, inactivates protein tyrosine phosphatase (PTP) activity (34) . We had demonstrated that PTP inhibition, at levels that do not in themselves alter barrier function, enhances TSP1-induced loss of barrier function (16) . Although EGFR activation alone, through its ability to inactivate PTPs, may be insufficient to open the paracellular pathway, like pharmacological PTP inhibition (16, 66) , it may enhance barrier dysfunction in response to TSP1.
EGFR not only responds to direct binding of ligands but can be transactivated by a wide range of diverse stimuli (7) . First, several heterologous receptors, including PDGF-␤R (53), G protein-coupled receptors (38) , members of the cytokine receptor superfamily (13), E-cadherin (49) , and integrins (44) , can associate with and/or transactivate EGFR. Environmental stressors, including hyperosmotic conditions, heat shock, UV and ␥-radiation, oxidant stress with H 2 O 2 , heavy metals, and alkylating agents, all can activate EGFR (7). Interestingly, several established mediators of increased vascular permeability and/or lung injury, including thrombin, TNF-␣, plateletactivating factor, bradykinin, angiopoietin, and H 2 O 2 , each transactivate EGFR (2, 7, 38, 48) . Furthermore, EGFR ligands, such as TGF-␣, are increased in both the lungs of experimental animals (62) and the pulmonary edema fluids of patients (39) with acute lung injury. In addition to authentic high-affinity EGFR ligands, other proteins that participate in hemostasis, wound healing, and tissue remodeling, like TSP1, also contain EGF-like sequences (3, 14) . It is conceivable that EGFR is a pivotal signaling element in a final common pathway for the host response to a subset of injurious stimuli for acute lung injury.
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This work was supported in part by grants HL084223 (S. Goldblum), HL079644 (J. Murphy-Ullrich), and HL54462 (D. Mosher) from the National Institutes of Health. This work was performed in University of Alabama at Birmingham facilities supported by the Research Facilities Improvement Fig. 9 . EGFR overexpression in HMVEC-Ls increases EC responsiveness for TSP1 EGF-like repeats. Adenovirus encoding for human EGFR (Ad-EGFR) or green fluorescent protein (GFP) (Ad-GFP) were packaged and amplified in human embryonic kidney 293 cells. A: HMVEC-Ls cultured to confluence in 60-mm dishes were incubated with media alone or infected with packaged Ad-EGFR at 10 5 -10 8 plaque forming units per dish, i.e., at approximate multiplicities of infection (MOIs) of 1, 10, 50, 100, 150, 200, and 500, respectively. At 24 h, the cells were lysed and the lysates processed for immunoblotting for EGFR. The blots were stripped and reprobed for phosphoEGFR (Y1068) and again for ␤-tubulin to indicate protein loading and transfer. B: HMVEC-Ls were cultured to postconfluence in barrier assay chambers, after which they were infected with either Ad-EGFR or Ad-GFP at increasing MOIs (0 -200), after which transendothelial 14 C-BSA flux was measured. C and D: postconfluent HMVEC-Ls were infected with Ad-EGFR or Ad-GFP at an MOI of 150. After the baseline barrier integrity for each infected monolayer was established, the cells were exposed for 6 h to EGF (100 ng/ml) (C), increasing concentrations of recombinant TSP1 EGF-like repeats (D), or medium alone (C and D), after which barrier function was assayed. *Significantly increased compared with either the simultaneous Ad-GFP (B and D) or medium (C) controls at P Ͻ 0.05.
